Abstract. The direct simulation Monte Carlo (DSMC) method is widely used for simulations of rarefied gas flows. To make a vibrational relaxation model of diatomic molecules for the DSMC method, the collisions of diatomic molecules are investigated numerically. The collision cross section for vibrational relaxation can be described as a function of the relative translational energy, the rotational energy and the vibrational energy level of each colliding molecule. Thus the collision cross section could be evaluated with the Monte Carlo integration for these parameters. To achieve this idea, a lot of collisions with appropriate initial conditions should be calculated and analyzed statistically. A collision is simulated with the Semiclassical approach in which the vibrational energy is treated quantum mechanically and the rotational and the relative translational energies are treated classically. For the comparison of methods, the Quasiclassical approach is applied. The simulation by this method is the same as that by the classical method, and the obtained vibrational energy is discretized to the quantum level. The intermolecular potential is also compared between two different types that are the site-to-site Lennard-Jones and the Billing-Fisher potential.
INTRODUCTION
The gas flow, which is classified into the rarefied regime, is very important these days. The flows in CVD chambers or around satellites, where the mean free path is large, and the flows around or in the MEMS, where the size is very small, are the examples of the large Knudsen number flows.
These flows are the rarefied gas flows and are mainly simulated by the direct simulation Monte Carlo (DSMC) Method [1] . In this method, the phenomenological model based on the assumption of local equilibrium [2] is mainly used as a collisional energy exchange model. However, it is often said that this model is unable to predict the strong nonequilibrium condition, because of the unrealistic assumption like local equilibrium. In these cases, the Dynamic Molecular Collision (DMC) model [3] , which is the collision model based on the Molecular Dynamics simulation, gives much better results.
To extend the concept of DMC model to the vibrational degree of freedom of diatomic molecules, the binary collision process is analyzed numerically. 
ANALYSIS OF BINARY COLLISION Introduction
Since most collisions in the rarefied gas regime are binary collisions, the collision cross section can be obtained from the statistical analysis of binary collisions using the Monte Carlo method [4] .
The each binary collision is investigated in two ways: the Semiclassical and the Quasiclassical approach. In both approaches, the site-to-site Lennard-Jones potential is used as the intermolecular potential, and the Morse potential as the intramolecular potential. For checking the accuracy of the site-to-site intermolecular potential, another type of intermolecular potential [5] is applied.
In the Semiclassical approach, the target range of the gas temperature is not so high therefore it is reasonable to assume that only the vibrational degree of freedom is treated quantum mechanically.
Monte Carlo Integration
In the procedure of modeling, the vibrational transition cross section t need to be obtained.
The upper limit of integral is set to be b max because the integral value diverges when the upper limit becomes infinity. The rotational energy E rot is taken from the Boltzmann distribution. The initial distance is long enough to neglect the effect of the interaction potential, and set to 6~ 2 [nm] . In the case of the calculation of the temperature dependent vibrational transition cross section t (T), the relative translational energy E tr,rel is initially given following the Boltzmann distribution according to the temperature [4] .
Semiclassical Approach
In the Semiclassical approach [6] , only the vibrational degree of freedom is treated quantum mechanically and the rotational and relative translational motions are treated classically. The semiclassical approach is achieved with the substitution of quantum mechanical momentum operators with classical momentums. The Hamiltonian of the binary collision system is written bellow. The coordinate system is shown in Fig. 1 . (2) where P is the relative translational momentum, H i rot is the rotational Hamiltonian and H i vib is the vibrational Hamiltonian operator of i molecule, V is the potential energy. To treat as mentioned above, the Hamiltonian is considered as the sum of the following two parts.
For the first step, the rotational motion is treated as a rigid rotor. To be more accurate, the effect of the rotational distortion should be considered. The classical motions are treated with the Ehrenfest theorem.
Thus the Schrödinger equation is solved using this Hamiltonian. Two time integration methods are used, which are the Askar-Cakmak method [7] and Crank-Nicholson method, and both results are compared. The Askar-Cakmak method is an explicit and not exactly unitary scheme, though the accuracy of unitarity is higher than that of the scheme. The Crank-Nicholson method is an implicit and exactly unitary scheme.
The Morse potential is employed for the vibrational potential, because the one-dimensional Schrödinger equation can be solved analytically with this potential. The wave function of the system is expanded with the product of the each molecule's derived from the one-dimensional Schrödinger equation with the Morse potential.
The wave function is the function of the grid on the molecular axis [8] . The intermolecular potential is the sum of the potential between grid points weighed with the probability of existence of atoms on that grid point. The site-tosite Lennard-Jones (12-6) potential are applied for the intermolecular potential. The parameters of Lennard-Jones potential is derived from AWJ potential, as =0.317 [nm] , =6. 52 10 -22 [J] [8] . The Billing-Fisher potential [5] is also employed for comparison.
(4)
This potential is expressed as a sum of a short range dumbbell potential and a long range part consisting of the quadrupole-quadrupole interaction and the dispersion potential. 
Quasiclassical Approach
All degrees of freedom are treated classically though the vibrational energy is quantized after each collision. For simplicity, the continuous vibrational energy is truncated to the discretized energy levels. Two molecules are treated as four atoms and the potential is same with the Semiclassical approach. The Leapfrog method is employed as the time integral method for both the Quasiclassical approach and the classical part of the Semiclassical approach. The equation to calculate the rotational and the vibrational energies are as follows [9] . 
RESULTS

Validation
The accuracy of the simulation was examined by the total energy conservation. The error of the total energy conservation with the Semiclassical and the Quasiclassical approach using both two types of the intermolecular potential was very small.
Typical initial conditions were tested with both the Semiclassical and the Quasiclassical approach. The energy time profiles and the results agreed very well.
Transition Rate Coefficients
Semiclassical -Time Integration Method
The relaxation rate coefficient 01->00 (the 1st excited molecule collides with the grand state molecule and deactivate to the grand state) with the Semiclassical approach by two time integration methods were compared with the empirical relation derived from experimental results given by Millkan & White (1963) [10] and numerical results by Billing & Fisher (1979) [5] (Fig. 3) The results of the Semiclassical approach were qualitatively in good agreement with the other results. The two integration methods gave very good agreement. Therefore the explicit Askar-Cakmak method was preferable because of the total calculation time.
The quantitative discrepancies between the results of the Semiclassical approach and the other results were rather large. Thus the reason of discrepancy should be investigated.
To see the effect of difference of the classical and quantum mechanical treatment, the Semiclassical approach was compared with the Quasiclassical approach. The comparison between the site-to-site Lennard-Jones potential and the Billing-Fisher type potential were made with the Quasiclassical approach to investigate the effects of intermolecular potential type.
FIGURE 3.
Relaxation rate coefficients 01->00 with the Semiclassical approach by two integration methods were compared with empirical relations given by Millkan & White(1963) [10] and numerical results by Billing & Fisher(1979) [5] .
Semiclassical & Quasiclassical -Comparison
The Quasiclassical approach was also applied to this problem. To simplify initial conditions, the excitation rate coefficients 00->10 (the grand state molecule collides with the grand state molecule and one of them excite to the 1st excited state) were calculated with both the Quasiclassical and the Semiclassical approach.
When it came to the temperature of 1000 [K] , the transition rate probability was too small to detect in the Quasiclassical approach. The transition rate coefficient was derived from 1,000,000 samples, and this means the probability is less than 10 -6 . The symbol (T) shows the upper limit of the excitation rate coefficients. Thus the Quasiclassical approach was applicable only in the case in which the collision energy is relatively large.
Other results were in good agreement with the Semiclassical approach, though the calculation time was nearly the same between these two approaches. 
Quasiclassical -Intermolecular Potential
The Billing-Fisher potential [5] was also employed with the Quasiclassical approach. Because of the low transition probability, the excitation rate was zero for both cases at the temperature 1000 [K] and 2000 [K] . In Fig.5 the symbol (T) shows the upper limit of the excitation rate coefficients calculated for both cases. To detect much smaller transition rate coefficients, more samples should be calculated.
The results of two types of the intermolecular potential gave very good agreement statistically. Also the scattering angle distribution showed little difference between two types of the intermolecular potential.
FIGURE 5.
Excitation rate coefficients 00->10 with the Quasiclassical approach using the site-to-site Lennard-Jones potential and the Billing-Fisher potential were compared. The symbol (T) shows the upper limit of the excitation rate coefficients.
CONCLUSIONS
The Semiclassical and the Quasiclassical approaches are applied to the binary collision process for the investigation of the vibrational energy relaxation process in rarefied gas flows. The results of the Semiclassical approach showed qualitative agreement with former studies. It is confirmed that the Semiclassical approach could be applied for a wide range of collision energy regime. Meanwhile, the Quasiclassical approach is restricted to high collision energy regime. Also the two types of the interatomic potential show very good agreement. It is seen from these results that the Semiclassical approach using the site-to-site Lennard-Jones potential gives relatively good performance.
Also, the Quantum approach should be applied to this binary collision process to assess the Semiclassical and the Quasiclassical approaches.
